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NOTICE

This report was prepared as an account of Government sponsored work,
Nelther the United States, nor the Natlonal Aeronautics and Space Adminis-
tratlon (NASA), nor any person acting on behalf of NASA:
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with respect to the accuracy, completeness, or usefulness of the
Information contained in this report, or that the use of any
Information, apparatus, method, or process discloced In this
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(B) Assumes any llabllities with respect to the use of, or for
damages resulting from the use of any Information, apparatus,

method or process disclosed In this report,

As used above, "person acting on behalf of NASA" includes any employee or
contractor of NASA, cr employee of such contractor, to the extent that such
employee or contractor of NASA, or employee of such contractor prepares,
‘dlssemlnates, or provides access to, any informatlon pursuant to his employment

¢r contract with NASA, or hls employment with such contractor.

Requests for coples of thls report should be referred to:

National Aeronautics and Space Adminlstration
Cffice of Scleniific and Technical Information
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CYCLIC & SUSTAINED LOAD FLAW GROWTH
CHARACTERISTICS OF 6Al-4V TITANIUM

By
J. N. Masters

ABSTRACT

Plane=strain cyclic and sustained load ‘law growth characteristics were evalu-
ated for 6AI=4V titanium solution treated and aged forgings and weldment heat
affected zones (HAZ), Cyclic lead tesis on both base metsl and HAZ were
performed at room temperature in air, Sustained load tests were performed on
base metal in the environment of ritrogen tetroxide containing nitric oxide
contents ranging from about 0,30 to 0,65 percent, These tests were performed
at 70 and 90°F,

Results of cyclic flaw growth data obtained are presented as represerred both
by a least square fit of the data from fortyfive data points, as well as a 99%
lower confidence line of the data. I* i< shown that of three forging heats
investigated, test scatter between heats is not important,

Results of sustained load tests in nitrogen tetroxide show that threshold strass
intensity ratios increase steadily with increasing nitric oxide content., It is
concluded from this series of testc that an increase in the existing lower limit
of nitric oxide content (presently set at 0,40 percent by NASA specification
MSC=-PPD~2A) would be beneficial to service life of titonium vessels,
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FOREWORD

During the last two years, a rather extensive study has been underway by
NASA/Manned Spacecraft Center, Houston Texas, to assess and assure rhe
structural integrity of Apollo structure, Since several 6Al-4V titanium pressure
vesseis are involved, and since ground failures of two of these vessels have
been experienced, :considerable effort has been devoted to the development of
data applicable to these vessels and to the several environments to which they
are exposed, As part of this effert, NASA in 1966 requested the Space Division
of The Boeing Company to perform an investigation of flaw growth characteris-
tics of 6Al-4V titanium tankage material, This original work, performed under
NASA Contract 9-6665 deait primarily with sustained load flow growth in
various environments, The program reported herein, was performed under NASA
Contract NAS 9-7637 and deals primarily with cyclic lond flow growth, A
second paase dealt with the sustained load flaw growth behavior in an environ=-
ment of nitrogen tetroxide containing varying levels of nitric oxide. Period

of performance was October 26, 1967 thru July 1, 1968, The work was
administered under the direction of Mr, S. V. Glorioso at NASA/MSC,

Boeing personnel who participated in the investigation include C, F. Tiffany,
Program Supervisor, and J. N. Masters, Technical Leader., Structural testing

of specimens was conducted by A, A, Ottlyk and G. E. Van Staaldu'ne,

The information contained in this report is also released as Boeing Document
D2-114298-1,
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SUMMARY

The objective «: this program was to investigate cyclic flaw growth of

6AI-4V S, T A, titenium alloy and the effect of nitric oxide content on the
threshold for constant stress flaw growth of this material in nitrogen tetroxide.
Tests were performed on uniaxially loaded pre-cracked surface flawed specimens
from several different forgings. Sustained load tests were performed at test
temperatures of 7G and 9%C°F in nitrogen tetroxide containing nitric oxide
contents of about 0,30 thru 0,65 percent by weight, Cyclic tests were all
performed in an environment of room temperature air,

Results of the cyclic tests are plotted in terms of stress intensity ratio versus
growth rate. Both nominal curves and lower 99% confidence curves are
shown, The effect of minimum to maximum cyclic stress (R value) is shown as
a plot of relative cyclic life versus R value,

Results of the sustained load tests showed that threshold values increase slightly
with increasing nitric oxide content at both test temperatures. Additionally,
it was found that of two forgings used in these tests, threshold ratios (i.e.,
Kli/ch values below which growth did not take place) were similar, even

though the actual K c values for the two forgings were quite different.
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1.0 INTRODUCTION '

Mamy Tailmes I presine vessals have olginated at flaes Some fallives have
Svented ool ey of preswre vewsels, ool test tallies tesult whete the
e ol o flow v sifftclently large to became unstable hefore preof stress i
atlalned o al proal stress (durfng @ hold pertod) I the thiashold strese Tntonsity
Foovecaded,  Operational fallures bave often occured after o flaw grew
witfcienthy In stze t bocome unstable at the. operating rexs,  An extimate of
tha performance capabllity of pressure vesels 1equires knowledge of inftlai flaw

rvizey ctitteal Hlaw ddzey, and swhberitical flan growth charactariaies of the
vewsel matenfol

I a previone vestigation (Reference 1) amphadds va placed on development
oantatned Toad behavior of 6AL=AV ST, AL Hmtem allov o several ilguid
envhonments  This ineluded same texts Iy pitrogen tetroxide with a fixed nitvie
whde level within the MIC speelfication MSC-PPD=2A,  For background
Iformation and more detatled discussion of analytical techniques, the reader ix
1eferved ho the final report of the Referenze 1 study.,

The Investigotion reparted herein was undertakan ho:

1, Investigate sustained load suberitical flaw giawth behavior fn nitrogen
tetroxide containing varied nitvic oxide contenh,

4, hwveitigate cyelle load flaw growth behavior as affected by varied forging
heaty, and by vartad mintnum-=to=maximum cyclie stress levels,




2,0 MATERIALS
2.1 TITANIUM FORGINGS & WH.DMENTS

Base metal specimens tested in this program were machined from each of four
6A1-4V titanium forgings. One of these, supplied by Aerojet Genercl Corpora-
tion (AJG) Dowrey, California, was a solid motor case cylindrical forging.
This forging was produced by Cameron Iron Works. Composition, heat treat,
and tensile data are shown in Toble |I. The remaining three forgings were parts
of finish mocnined and heat treated Apollo SPS fuel and oxidizer cylindrical
sections. All base metal specimens (with the exception of one series) were
machined such that loading was paralle! to the hoop_direction. Ali Apollo
tank material was solution treated and aged at 1100°F for 9 hours, plus stress
relieved ot 1000°F for 4 hours.

Welded specimens were machined from a girth weld taken from an Apollo SPS
oxidizer tark assembly. These specimens were machined such that {oading was
perpendicular to the weld centerline.

A summary of forging and weldment used in the various test series is shown in

Table II.
2.2 TEST FLUIDS

As shown in Table II, cne series of sustained load tests was performed in nitrogen
tetroxide containing varied levels of nitric oxide, Nitrogen tetroxide was
prepared ond used in four separate samples, as shown in Table Ill. These
samples were prepared by transferring oxidizer directly from a single field

storage tank to either ~ two-gallon or five-gallon transfer vessel. Nitriz oxide
content of the field supply was less than 0,10%. Nitric o:ide gas was then
added incrementally to the transfer vessels until the desired level of NO was
approached.

NO content of the first two samples prepared (samples A and C) was measured
only once. On samples B and D, several recdings were taken during the course
of testing for determination of both water content and NO level. Representative
values are shown below Table Ill.
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3.0 PROCEDURES
3.1 SPECIMEN FABRICATION

Precracked surface flaw specimens were used for ail static toughness, sustained
load, and cyelic tests. Flaws were made by electric discharge machining (EDM)

a starter notch, and extending the notch by low stress tension fatigue. The fatigue
extension was accomplished at a maximum gross stress of 30 Ksi at 1800 cpm,

From 600C to about 25,000 cycles were required, depending upon initial notch
dimensions. All precracking was done in air at room temperature, Material

for all specimens was supplied in the fuily heat treated condition (i.e., solution
treated, aged and subsequently siress relieved).

Overall dimensions for the surface flawed specimens were tailored to the size
and shape of available material. Thickness of the AJG forging was sufficient
to allow the use of flat specimens, Figure 1. Additiona! series of AJG speci-
mens were tested under cyclic loading with reduced thickness, and with both
reduced thickness and gage widths o check these variables.

Tests of Apollo tank cylinder materials utilized specimens of the configuration
shown in Figure 2(a). A secondary series of tests was performed with different
loading direction (See Figure 2(b)) and witt. varied gage width (0.50 - and
0.€0-inches) to check these variables, Thickness of all of these specimens was
as-received representing final vessel wall thickness.

‘/elded specimens, shown in Figure 3 were machined flat in the gage area to
proide the thickest possible uniform and flat section. Surface flaw was located
approximately 0,020-inches away from the intersection of the fusion line with
the surface in the heat affect zone., This locatian was selected on the basis of
test results of Reference 1. These tests indicated that crack initiation occurred
most readily in the weld centerline, followed closely by the location selected.
This location was selected because applied strosses ace higher at this point.

3.2 FLAW GROWTH TEST SETUP

The sustained load test specimens were loaded in 10,000 Ib, dead-load creep
machines. Those tests using nitrogen tetroxide utilized a setup as shown in
Figure 4, 5, and 6, Liquid was contained in two pressurized tanks connected
with flex lines to each other and to a small cup clamped to the test specimen.
Periodically, one of the tanks was raised or lowered so that the fluid would flow
through the specimen cup thus supplying fresh liquid. Temrperature was controlied
by warm air supplied from Coates heaters, A schematic of the fluid and
pressurization system is shown in Figure 7,

Cyclic tests were performed in an environmentally controlled {aboratory at the
Boeing Developmental Center in a Tinnius Olsen universal tensile machine of
20,000 Ib, capacity,
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3.3 EXPERIMENTAL APPROACH FOR SUSTAINED AND CYCLIC LOAD TESTS

The approach used to define threshold stress intensity levels is shown schemati-
cally in Figure 8, The first surface flawed specimen (after determining the

static ch value) was loaded to a farget stress intensity level less than critical

(i.e., an initial stress intensity value, K"). The specimen was held at constant

{oad until failure or for a predetermined time (usually 24 to 48 hours). If
failure did not occur, the specimen was cycled in air in low stress fatigue to
mark the flaw front, and then was pulled to failure, Evidence of sustained load
growth was then observed by a separation between the initial fatigue crack
extension and that of the finul marking. With either failure or evidence of
growth in the first specimen, subsequent specimens were loaded at successively
lower KIi values until neither failure nor growth took place. Usually, the
threshold value was bracketed with three to four specimens.

Cyclic tests were performed by programming several series of tests involving
several combinations of initial flaw sizes and maximum applied stress. The
general approach is shown schematically in Figure 9. Generally, three values
of applied stress ( 0], Y and 03) and three values of initial flaw size

('c/Q)] , ’a/Q)z, and (u/Q)3 were used. Majority of tests were targeted at

initial stress intensity values of about 75% of critical by using combinations of
(03 X (o/Q)], 0, X (a/Q)z, and 0, x (a/Q)3. Variations from these

were then accomplished by using other combinations of flaw size and maximum
stress to develop other stress intensity ratios. In all cuses, cycling was continued,
at approximately 5 to 10 cpm, until failure., Upon failure, the initial stress
intensity value was calculated using initial flaw size as measured from specimen
photographs.  Critical flaw sizes were not normally sufficiently well defined to
allow accurate calculation of ch values,

3.4 STRESS INTENSITY SOLUTIONS

Initial and critical stress intensity values for flat specimens (i.e., flat in
the direction of loading) were calculated using the expression:

_ /'rra
K' .10 el MK

Values for G and M|< are shown in Figures 10 and 11, Kobayashi's MK term

(the upper curve of Figure 11) was used for all specimens where a/2c values
were 0.29 or less; Smith's M|< term was used for a/2c values of 0.33 and greater;

and an average MK value betweer these limits was used for intermediate shapes.

Attempt was made to control a/2c value to 0.25 or less,




Stress intensity values for curved specimens (i.e., of the type shown in Figure 2q)
were calculated using the expression:

T a 7T a
= ag
KI 1.1 o a MK + MB B a
where )
Oy = uniform gross tension stress, Ksi
98 = extreme fiber bending stress, Ksi

Values of MB are shown in Figure 12, The relationship of bending-to-tension

stress as determined in Reference 1 is shown in Figure 13,
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4,0 TEST RESWLTS
4.1 MECHANICAL PROPERTIES

Room temperature tensile and 0.2% yield strength of the AJG forging are

172,5 and 160.6 Ksi, respectively. These vclues represent the average of three
tests. The overage of two tests of weldments were 135.2 Ksi tensile and 127.3
Ksi yield strength, Yield strength could not be mea.ured on the thin propellant
tank material because of the curvature; ¢ value of 155 Ksi was used in calcu-
lating stress intensities. Any error in using this assumed value should be less
than one percent,

4.2 PLANE STRAIN FRACTIRE TOUGHNESS

Plane strain toughness values were determined at room temperature for the four
forjings and the one weldment, A summary of the values obtained is shown
in Table IV. Included in the table are four data points from Reference 1 for
the two Apollo fuel cylinder forgings.

The average K’Ic values for the four forgings range from 41,9 to 48.6 Ksi Jn.
«hile the average weld HAZ value is 44,7 Ksi JIn.

4.3 SUSTAINED LOAD FLAW GROWTH

Sustained load subcritical flaw growth studies were performed with ~ombinations
of the two Apollo fuel cylinder forgings and four batches of NZO 4 (Reference

Tables Il and HI), Tests were run at either 70° or 90°F. Test parameters and
results are included in Tables V and VI. These tables include specimen dimen-
sions, initial flaw size, test time and temperature, cciculated initial stress
intensity values, and applied stress intensity ratios, These ratios represent the

applied initial stress intensity, K", divided by the respective average ch

value as determined from static tests. Failure occurred in two test runs (i.e.,
specimen number 1-15 and 2-26). On the remaining specimens, amcunt of
growth (in terms of percent increase in flaw depth) is shown.

4.4 CYCLIC LOAD FLAW GROWTH

Cyclic load subcritical flaw growth studies were performed on three different
forgings and one weld metal sample (Reference iable II).

Cyclic Test Series | (Baseline)

Table VI! shows test parameters and results for the baseline tests using the
Aerojet forging, and a minimum fo maximum cyclic stress ratio of 0,10

(i.e., R =0,10), Nominal gage thickness and width f all of these speci-
mens were 0.100 x 0,800 inches (see Figure 1), Actual dimensions, measured
initial flaw sizes, applied cyclic stress, calculated Kli values, max K“/ch
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ratios, and :ycles-tofailure are shown in the table. An average K, value
of 45,8 Ksi }r; was used in all cases to determine the siress intensify ratio,
The data of Table VIl are plotted in Figure 14 in terms of K"/ch ratios versus

cyc'es to failure. Different maximum stress levels are shown by different

symbols as noted in ihe figure. Solid curves shown in Figure 14 represents a \
best fit least square curve for the obtained data and a lower confidence band.,

Details on construction of these curves are included in Section 5.2,

Cyclic Test Series Il

The second series of cyclic tests was performed with material from Apollo

Fuel Cylinder #2 (See Table Il) and under the same test conditions as thet of
the baseline tests (i.e., room temperature air environment and R = 0.10).
Nominal gage thickness and width of all of these specimens were 0,056 x 0,300
inches (See Figure 2a). Actunl dimensions, measured initial flaw sizes, applied
cyclic stress, calculated K“ values, maximum Kli/ch ratios, ana cycles=to-

failure are shown in Table VIII, An average ch value of 41.9 Ksi /In was

used in all cases to determine the stress intensity ratio. The data of Table VI
are plotted in Figure 15 in terms of K“/ch ratios versus cycles to failure.

The solid curve superimposed in the tigure represents the boseline test curve.
As shown in this figure, all data points fall short of the baseline curve,

Cyclic Test Series 1li

This series of tests was performed using material from Apollo Oxidizer Cylinder
#1, and under the same test conditions as that of the baseline tests (i.e.,

room temperature air environment and R = 0,10). Nominal thickness was

0.065 inches, specimen width was varied from 0,50 to 0,80-inches, and tests
were performed in both directions ("L" and "T" directions) as shown in Table IV,
Note that specimen curvature with respect to direction of loading is involved

in the "L" specimens, Test data is included in Table IX and is plotted in

Figure 16, ch values of 47.3 and 43.0 Ksi JIn in the "L" and "T" directions,

respectively, were used to calculate stress intensity ratios, While the points
as plotted in Figure 16 generally fall to the left of the baseline curve, there
is no major effect in cyclic life of the specimen width and test direction
variables, 1t is possible that errors are involved in the stress intensity solution
for curved specimens, however, such errors would tend to be minimiz. i when
data is plotted in terms of stress intensity ratios instead of actual appliea K|

i
values,

L BBt w0 € e ge,

Cyclic Test Serie IV
This serios of tests was programmed primarily to check thickness effects, and
also to provide ¢ second check on specimen width effects, Accordingly, the
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baseline forging (i.e., Aerojet forging) was used but thickness was reduced
to 0.060. Specimen width again was controlled to values of 0,50~ and 0,80-
inches, Raw datec is included in Table X and the results are plotted in Figure
17. As would be expected, the reduced thicknass results in a reduction in
cyclic life; specimen width within th2 range tested has little if any effect.

Cyclic Test Series V

This last series of base metol tests involved investigation of varying minimum=-
to=maximum cyclic siress ratios, These tests made use of the same forging,
specimen size, and maximum cyzli: stress levels as used in the baseline test
series. Test data for R values of 0.40 and 0.70 are included in Tables X]
and XII, respectively. Results are plotted in Figures 18 and 19, respectively.
It is noted that these results exhibit somewhat more scaiter than observed in
previous figures. This is felt to stem primarily from the fact that initial

flaw sizes were quite difficult to measure. Texture of the initial flaw tends
to biend with the texture of the area of cyclic growth. Thus, much of the
apparent data scatter, esvecially at the highest R values and at the lowest
stress intensity ratios, probubly results from errors in flaw size measurement.

Weldment Cyclic Tests

Table XHI and Figure 20 contain the data applicable to cyclic tests performed
on an Apollo tank weldment with flaws located in the heat offected zone. An
average ch value of 44,7 Ksi [In was used in calculating stress intensity ratios.

In general, critical flow sizes were not well defined. It does appear that in
most if not all of the specimens cycled at a stress of 106 Ksi and lower, the
flaw grew through the thickness prior t> failure, This would be consistent

with expected behavior only if increase in flaw depth occurred without a
proportional increase in flaw length, 2c. For instance, for an o/2¢ valuve of
about 0,35, calculated critical depth is slightly in excess of the thickness.
Observation of the specimens cycled at 118 Ksi tends to confirm that this did
happen. While the growth pattern in th.ese specimens was impossible to measure
accurately, it appears that most growth occurred in the depth direction. This
is contrary to the usual behavior of *he base metal specimens. Some increase in
a/2c values occurred during cycling, but not to this extent. Regardless, the
weldment data af the lower cyclic stress levels is of only limited vaive. Such
data are marked with a "T" synbol in Figure 20,
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5.0 DATA ANALYSIS

5.1 SUSTAINED LC D BEHAVIOR

The results of the sustained load tests performed in the environment of N204

(Takles V and VI) are plotied in Figures 21 and 22 for test temperatures of 70°
and 90°F, respectively. Data is plotted in terms of applied stress intensity
against NO content. Data points reflect applicable forging, and increase, if
ary, in flaw growth during the sustained load pariod. Curves are drawn which
reflect best estimates of the actual threshold values at the various NO levels
tested. Results of Reference 1 testing are included for comparison, This includes
an actual deta point for the 70°F tests as shown in Figure 21, and an interpo-
lated point for the 90°F test in Figure 22,

Two important conclusions can be drawn from the curves f Figures 21 and 22,
First, threshold values increase steadily with increasing NO content through the
range tested. This suggests that, in terms of vessel performance, an increase
in the lower specification limit of NO content (presently set at 0,40 percent)
would be desirable,

Secondly, it is observed that threshold ratios are relatively unaffected by rather
large variations in actual toughness of different forgings. It is noted that the
K|c values of the *wo forgings tested are 48,6 Ksi /In for Fuel Cylinder #1

and 41,9 Ksi [n for Fuel Cylinder #2; however, the threshold ratios appear
to be quite similar,

5.2 CYCLIC FLAW GRCWTH BEHAVIOR
5.2.1 Base Line Data

As noted in Section 4.4 a least square curve and a 99 percent confidence line
were computed for all of the base line data and are shown in Figure 14, From
shservation of the actual data points of Figure 14 one might conclude that
there is a stress level effect, and that lumping specimens of ali stress levels
may not be reasonable. Note tha from these data, it oppears that the greater
cyclic lives tend to be associated with the higher cyclic stresses. This, of
course is the opposite of expected behavior based upon growth rate levs which
predict that cyciic growth rate is related primarily to the applied elastic stress
intensity, That is:

da _ .
dN (Kmax' AK)

Although successful correlations have been established for limited amounts of

data using such laws, they have proved inadequate when compared to the broad
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trend of cyclic crack gro /th data. Use of any of these laws, though would

lead to a conclusion that highest cyclic stress at a given initial K level would
result in the shortest cyclic life, This is not borne out in the data of Figure 14,
Rather, it is felt that if any opparent stress dependence exists, it would be
related to deep flaw effects, That is, for relatively low stresses, the flaws would
grow deep with respect to thickness, and this extension would progress at a

rore accelerated rate than that of shallow flaws, This was briefly investigated
as follows,

A cycles-to-failure curve was faired through the data points of the 0.100-inch
thick AJG forging specimens cycled at a maximum cyclic stress of 126 Ksi,
Final flaw sizes (critical size) for these specimens were apparently not very
deep and were thus least affected by deep flaw magnification. This curve
was differentiated to obtain growth rates, Next, a specimen (specimen Kl1-lc¢
from Table VII) of the same forging, but cycled ot 96 Ksi, was selected for
comparison, This specimen failed in 136 cycles at an initial stress intensity
ratio of 0,769. This ratio intersects the 126 Ksi curve at 320 cycles. By
using initial flaw size in specimen K1-lc, and re-integrating the 126 Ksi
rate curse {now accounting for changes in deep flaw effects) a predicted
cyclic life of 276 cycles was calculated. This is only slightly less than that
suggested by the high stress data points, and of course, still about twice the
actual life of the specimen,

2ased on the above, it is believed that stress level had little real influence

on the data of Figure 14, All data points were thus used to develop the best
fit least square curve shown. An additional point of K,./K. =1 and N = 1 was
also used. The curve was developed using a computer progtam (DATAN), which
isolates and analyzes the prominent geometric characteristics of the data and
prescribes an appropriate fitting function with sirniilar geometric characteristics.

It fits the least square curves of various Jegrees of polynomials and rational
functions if the data is asymptotic. It then chooses the one which has the

least error, The best fit least square curve for the data is represented by the
following equation:

) _ 2
Kli/Kh: = A+ B Iogm N + C(IOQ‘O N)

where A =0.99976, B = 0,01942, C = 0,04996

Since the ratio of stress intensities, K"/ch contains errois due to measurements
of flaw sizes, stress levels, etc., K”/ch is taken as dependent variable and

N as an independent variable in the dbove fit.

Utilizing the obove least square curve and data points, standard errur cf estimate
for K"/ch is estabiished which is 0,02267.
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Exdmining the scatter of data points with comparison to the least square curve
very carefully in Figure 14, it is concluded that the variance of K"/ch is

nearly constant in the range of data, i.e., N equal or greater than 40, It
is also known that for any degree of confidence band, the curve has to pass
through the point N = 1 and Kn/K].— = 1, Hence the voriance of Kli/KIc

at K“/ch =1 and N =1 1is zero. It is then assumed that the variance of

KI./K varies linearly between N = 1 and N = 40 and for N 2 40 it has the
il .

constant value as established from the data and the least square curve. Based
on these assumptions and using the student's t = distribution table for 43 (46-3)
degrees of freadsm, 99.1 confidence band is established which is shown in
Figure 14, Differentiating the least scuare curve and the 9%°% confidence curve
gives the growth rate curves of Figure 23,

5.2,2 Heat-to-Heat Variation

While it was the original intent to provide a direct comparison of the effect

on cyclic behavior of different forgings, unfortunafely, available raw material
was thinner than desired, and the tests were complicated by this second variable.
The series of reduced thickness AJG forging tests were thus pragrammed. The
results of these tests along with the two other thin forgings are all plofted in
Figure 24, For comparison, the upper and lower bound curves of ‘he base line
data is included in the figure. While the thin specimen data generally falls to
the left of the base line data, significantly there is no noticeable difference
between the three sets of thin specimens, To determine the cause of the reduced
cyclic life of the thin specimens, an excercise similar to that noted earlier

was performed, Specimen GI-13A (See Table X), an AJC reduced thickness
specimen was selected., This specimen was selected because both initial and
critical flaw sizes were relatively well defined, This specimen failed in 397
cycles at an initial stress intensity ratio of 0.666, Initial and critical flaw
depth, a, and length, 2¢c, were 0,0272 x 0,131, and 0,0440 x 0, 165-inches,
respectively, It was assumed that flaw shape changes (a/2c values) progressed
in a linear manner from initial to~critical. Using the least square rate data, and
accounting for deep fiaw effects, it was predicted that the cyclic life of this
‘pecimen was 412 cycles. {Sanple calculations are shown in Table XIV) Note
that the stress intensity ratio of 0,666 line intersects the thick specimen curve
at about 630 cycles,

From the above, it is concluded that the apparent differences between the cyclic
behavior of the Apollo forgings and the AJG forgings stem almost entirely from

specimen dimension variables, and do not represent a significant raw material
variable.

5.2,3 The Effect of Varying R Values

In Figures 18 ond 19, nominal curves were drawn thru the data points of the

1
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specimens tested at R = 0,40 and R = 0,70. The curves represent a fixed
percentage, at each K level, to the right of the least square curve generated
from the base line deia (i.e., the R = C,10 dara). Actual relative lives are
1.68 and 18.1 times the base line lives for the R = 0,40 and R = 0,70 dotq,
respectively. For purposes of comparison, these numbers were compared with
values predicted by several growth rate laws, These included an estimate by
Roberts and Erdogan (Ref. Z):

; 2 A
relative g,%- =f (1 +0)" (AT

I<mcxx ! Kmin
B =

2 AK

where
an estimate by Krafft (Ref., 3):

=£(7)

relative  —a-
dN

K .
where Y= —Tom—TL&F (V) =i - (0 =7)
max

Zin+ytt

and an estimate by Forman (Ref. 4):

do (AK)"
dN (1 -R) ch - AK

relative

A comparison of these resv./s is made in Figure 25, It is noied that all of
the above laws tend to over estimate cyclic life at low R values and under
estimate the life at high R values, when compared to the experimental data.

For purposes of analyzing 6Al-4V STA vessels, it is recommended that the
experimentally derived curve shown in Figure 25 be used,

5.2.4 Weldment Data

Figure 20 showed weldment HA7 cyclic data and compared that data with the
base line base metal least square curve. The weldment cyclic lives are in all
cases above the base metal curve, It was observed that fracture faces of these
specimens exhibited very coarse texture and flaw peripheries were quite jagged
when viewed from the direction of crack propagution. Presumably these
irregularities attributed to the higher apparent cyclic lives of these specimens,
because the apparent critical toughness values would probably be elevated. In

12
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effect this would result in an effective initial stress intensity ratio lower than
calculated, Since microstructure can vary markedly throughout the heat affected
zone, cyclic behavior would also be expected to vary. It is therefore
considered thot these higher values should rot be used in vessel analysis: it

is presently recommended that the base metal growth rates be used for beth base
metal, end weld metal analyses.

&




6.0 CTONCLUSIONS & RECOMMENDATIONS

Results of sustained load tests of 6Al-4V forgings in the environment of
nitrogen tetroxide show that;

o) Threshold ratios increase steadily with increosing NO content, In
terms of vessel performance, this suggests that an increase in the
lower specification limit (presently set at 0.40 percent NO)
would be desirable.

b} Threshold rarios are relatively unduffected by rather wide variations in
actual ch values.

Resulls of the cyelic tests show that;

a) Of the three forging heats tested, heat=to-heat variations in
cyclic behavior are insignificant.

bl  When compared with the e«perimental results, existing growth rate
laws over estimate cyclic life at low R values and under estimate

cyclic life at high R values.

c) Cyclic life of specimens flawed in the weld heat affected zone
appear to be higher than that of base metal. However, since
microstructure (and presumably, fracture characteristics) can vary markedly
throughout the heat affected zone, it is presently recommended thut
the base metal growth rates be used for both base metal and weldment
analysis,

14
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Figure 1 : AEROJET GENERAL FORGING SPECIMEN CONFIGURATION
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Figure 2 : APOLLO TANK CYLINDER SPECIMEN CONFIGURATIONS
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Figure 3: WELD SPECIMEN CONFIGURATION
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Figure 4: SUSTAINED LOAD TEST SETUP SHOWING NoO4 SUPPLY
SYSTEM
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Figure 6: SUSTAINED LOAD TEST SETUP SHOWING SPECIMEN
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RAATIVE CYQLIC LIFE
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Figure 25: EFFECT OF R VALUE ON CYCLIC LIFE
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